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During orthodontic space closure, the required type of tooth
movement is an important consideration. Pure rotation (center of
rotation slightly below the center of resistance) and pure
translation (center of rotation at infinity) can be considered the
two basic types of tooth movement. The centers of rotation for
tooth movements other than pure tipping, can be produced by
combining a single force at the crown of the tooth with a pure
moment, if the proper moment/force ratios are used. These force
systems can control tooth movement in three mutually perpendicular
planes of space (Burstone ’62). These planes are (i) the
mesiodistal plane and (2) the buccolingual (labiolingual) plane
which are oriented through the long axis of the tooth perpendicular
to the (3) occlusal plane. Since this was an initial study, this
thesis will consider only the mesiodistal plane of space.
A distally directed single force placed on the crown of the
tooth produces rotation in the mesiodistal plane. The center of
rotation for this tipping movement has been experimentally
determined to be somewhere between the tooth’s center of resistance
For translation to occur, a couple of sufficient magnitude must
be applied in order to counter the tipping moment at the center of
resistance. The addition of this moment shifts the tooth’s center
of rotation towards infinity.
It is the ratio of the moment to force (M/F) at the crown,
relative to the distance (D) from the point of force application to
the tooth’s center of resistance which determines its center of
rotation. When the applied M/F equals D, the center of rotation
will be infinity ar hence, translation will occur. For a typical
central incisor, this distance has been estimated to be i0 (Smith
ar Burstone ’84, Burstone ’85); for a maxillary canine model it was
determined to be 14 (Nikolai ’75). These values will vary as the
realities of the root ler and the nature of the periodontal
resistive elements differ from the assumptions made in these
calculations.
In general, the appliances which deliver these force systems can
be classified as non-frictional or sliding mechanisms. In the
former type, space closing loops can be utilized to deliver a
precalibrated force system for the precise control over the centers
of rotation of teeth in all three planes of space. Since the force
systems delivered by these loops are predictable, the required tooth
movt can be readily achieved (Burstone and Koenig ’76, Sachdeva
85). Sliding mechanisms depend on the guiding archwire for the
three dimensional control during space closure.
This control is the direct result of the interactions between
the bracket and wire at the frictional interface. These
interactions involve bracket-wire contacts which generate the
friction forces. Therefore, it is this control that introduces the
problem of friction with these mechanics. In considering the
second-order tooth movement, since the point of force application is
so far from the centers of resistance of the teeth (even with the
use of "power arms"), there is a moment of a force which would cause
tipping movts (Burstone ’82). These movts may not be
consistent with the predetermined treatment goals.
Assuming there is clearance between the bracket and the wire,
the tooth will freely tip. Once play is eliminated, a couple of
increasing magnitude to counter this tipping, will result from the
angular activation of the wire. Tipping may continue as the wire’s
geometry changes as a result of this activation. The magnitude of
the friction force is directly related to the magnitude of the
couple (Thurow ’72). Therefore, the M/F ratio becomes greater with
continued tipping, and increases the frictional resistance. This
friction will hinder tooth sliding, and when the friction force
equals the applied distal driving force, freedom to sliding can not
exist.
Unfortunately, this effect of the force systems delivered by
frictional mechanisms has not been studied. It is the focus of this
research to determine the maximum second-order M/F ratios above
which stainless steel brackets and wires are no longer free to slide
relative to each other, varying the horizontal force magnitudes.
These ratios can be used to evaluate the limitations on the types of
tooth movement possible prior to binding for various bracket and
wire combinations. Since the clinician is interested in the bracket
angulation (at this maximum ratio), this variable will be
calculated. This information is one more step towards predictable
sliding mechanics and understanding its limitations.
As noted above, only the force system in the mesiodistal plane
of space will be considered, since this is the initial study. The
frictional problem will beccme more complex when one considers the
effects of ligation forces, wire curvature, and rotational and
torquing moments in the other two planes of space.
The effecT which varying bracket width, wire dimension and
sliding force magnitude have on bracket-wire friction remain
unresolved. This has resulted from the application of two different
fundamental approaches to evaluate these factors. The first
approach focused on the bracket angulation. The second approach
focused on the second-order moments acting at the bracket-wire
interface. As a result, these two approaches studied different
loading conditions. Both approaches modeled canine retraction
utilizing sliding mechanics. Most studies used three tooth models
in which the the canine brackets were ligated to the archwire with
various mechanisms. Comparisons were made as to the force magnitude
required to overcome the frictional resistance between the various
brackets and wires studied.
The more numerous type of study utilized the bracket angulation
oriented approach. The bracket angulation in reference to the
passive archwire served as a independent variable. Unfortunately,
the moment magnitudes which would differ for each bracket angulation
and each bracket-wire combination, were never reported.
Using a bracket angulation approach, Buck, Scott and Morrison
(’63) studied the force systems involved in various bracket-archwire
combinations, in which the sliding force was provided by a coil
spring. Utilizing a "force analyzer dentoform", a comparison was
made of the force reduction at the crown of the canine tooth, due to
the reaction couple exerted on wires of various dimensions by the
tipping of different brackets. Bracket widths were not specified.
The second-order moment oriented approach made relative
comparisons regarding the eff of bracket width in reference to a
given moment. Again, it is sad to say, that the bracket
angulations, which would differ between the given moment magnitudes
and the various bracket/wire/force magnitude combinations, were not
Their results demonstrated that double brackets had a greater
percent applied force reduction per degree of bracket angulation, as
compared to the single brackets. It was apparent that there was a
degree of tooth tipping beyond which continued force application was
of no advantage. These authors concluded that the appliance having
the greatest amount of clearance between the bracket slot and the
archwire permits the greatest amount of distal tooth movt per
activation of the coil. In considering this conclusion, it is
important to remember that sliding mechanics which minimize
bracket-wire contact also lack translation control.
easen and Quevedo (’70) also used a bracket angulation
approach to determine the force necessary to overcome the sliding
friction between various stainless steel combinations of bracket
widths and wire dimensions. In their three tooth model, locking
screws fixed the test wire at the lateral incisor and second
bicuspid attachments. They probably offered rigid boundary
conditions. Brackets were set to angulations of 0, 5, i0, and 15
degrees by applying a measured force to a second order moment arm
(its length was not reported) attached to the the canine bracket.
In addition, they calculated the coefficients of static friction for
these bracket and wire combinations.
The results of this study demonstrated that increasing bracket
angulation (tooth tipping) or wire dimension, increased the force
necessary to overcome friction. This force was found to be
independent of bracket width. These results were confi by
Peterson, Spencer, and Andreasen in their 1982 repeat of the above
experiment using the same apparatus. The mean frictional
coefficients calculated in the earlier study ranged from .i01 to
.230 for all stainless steel combinations and were irependent of
the presence of saliva.
These authors did not calculate the moments acting on the angled
brackets. However, their values for the various combinations
studied, are proportionate to the force (Fv), which was applied to
the moment-arm (assuming its length was constant). Since FV was
greater for wider brackets and/or heavier wires, if these authors
had adjusted their data for the moment magnitude, their conclusions
regarding these parameters probably would not have been valid.
In 1980, Frank and Nikolai evaluated and compared the frictional
fo associated with their independent variables of wire
dimension, bracket width, second-order angulation between the
bracket and the wire, interbracket distances, and ligature force.
Utilizing another bracket angulation approach, a three tooth bracket
system modeled canine retraction. Frictionless bearings provided
nonrigid boundary conditions at teeth one and three. The dependent
measure was the force required to initiate wire sliding through
brackets angled 0-I0 degrees.
Their results can be summarized as follows- (i) when maintaining
the ligation force constant, the frictional resistance generally
increased with bracket width; (2) for small non-binding angulations,
bracket width and ligation force were the dominant influences on
friction; (3) rectangular wires generated more than round wires; (4)
the frictional resistance was found to be nonlinearly dependent on
bracket angulation; (5) for large and binding angulations, this
second-order angulation was the most influential parameter, however,
wire bending stiffness and the area of bracket-wire contact had
become important factors; and (6) changes in the interbracket
distances associated with canine retraction did not significantly
influence friction. From the reduced data and structural
computations, it was concluded that in the presence of binding
angulations, friction may be minimized by reducing bracket width,
maximizing wire bending stiffness, and increasing the contact area
of the bracket-wire interface. Therefore, they suggested using
heavy rectangular wires with narrow brackets during canine
retraction using edgewise appliances.
In the 1972 edition of his book, entitled "Edgewise
Orthodontics Thurow applied an analytical moment oriented approach
to solve the mysteries related to bracket-wire friction. He
demonstrated that friction is a function of the second-order moments
acting at the bracket wire interface. These moment magnitudes are
equal to the product of the distal force magnitude, multiplied by
the distance from its point of force application to the center of
resistance (M F x D). As a result, the motive force responsible
for producing friction is the driving force itself. Therefore, it
is important to note, that the frictional resistance can not be
overcome by increasing the magnitude of the sliding force.
According to his analysis, which was based on sound
bioengineering principles, bracket-wire friction is inversely
proportionate to bracket width. A linear relationship between
friction and slot width would be expected on the basis of his
discussion.
A year later, Kamiyama and Sasaki presented a similar moment
oriented analysis from which they developed an experimental
apparatus to determine if wider or narrower brackets exhibit more
friction. It was a three tooth model in which a pulling force (T),
was applied to the canine bracket parallel to the archwire and a
force (R) was applied to the apical one third of the root, in the
opposite direction. In error, they equated the total friction to
the magnitude of force T when the bracket started to slide (it is
actually equal to T R). The length of the moment arm from the
point of force R application to the bracket center was not
specified. Despite these errors, their T vs. R plots presented data
from which bracket width comparisons in reference to the
Their results demonstrated that force T was greater with
narrower brackets for a given magnitude of R, which was
I0
proportionate to the second-order moment applied to the bracket.
It was appropriately concluded that wider brackets have less
friction.
In recapitulating this review, bracket angulation and
second-order moment oriented approaches have been used to study the
effects of bracket width, wire dimension ar sliding force
magnitude. Using these approaches, three different conclusions
regarding bracket width have been reported. To add to this
confusion, there exists two divergent opinions regarding wire
dimension. It is postulated, that these controversies have resulted
from the application of these two approaches, the study of different
centers of rotation, and the use of various boundary conditions.
With these factors in mind, the results of the past research must be
interpreted with care.
The Coefficients of Friction
The factors affecting the frictional coefficients, which have
been reported in the orthodontic literature are surface roughness
and the presence of lubricants. Surface roughness is dependent on
the materials themselves, surface grain structure, and manufacturing
processes (rolling, drawing, milling, casting, polishing, and
various heat treatments). For surfaces with imperfect resistance to
deterioration, various tribological properties (wear and corrosion),
shelf life and/or intraoral usage time are important factors (Riley,
Garrett, Moon ’79, Sarkar, Redmond, Schwaninger, Goldberg ’79, Edie,
easen, Zaytoun ’81). In addition to these report factors,
frictional adhesion theory states that the coefficient of friction
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is equal to the shear strength divided by the penetration hardness
of the softer material in the pair. As a result of all of these
factors, it is not hard to imagine that these coefficients may be
specific for the experimental cormlitions under which they were
dete_nnJed. However, this specificity does not preclude their
usefulness as a guide in material selection (An engineers guide to
friction ’70, Stannard, Gau, and Hanna ’86).
In addition to the range of 0.i01 to 0.230 mentioned earlier
(easen, Quevedo ’70), other frictional coefficient values have
been reported for stainless steel brackets and wires. Greenberg and
Kusy (’79) reported in their survey of specialty coatings for
orthodontic wires, that uncoated stainless steel yielded a static
coefficient of 0.162. Their experimental model consisted of sliding
the wires between two steel plattens conpressed with a constant
normal force of low magnitude (not given).
Stannard, Gau, and Hanna 86) determined wet and dry kinetic
coefficients of friction by sliding test wires through two parallel
18-8 steel plates. The normal forces ranged from 4.40 to 8.76 kg.
The coefficients were found to increase with increasing normal force
(0.028 0.066), and in the presence of artificial saliva
(0.028-0.035, ar 0066- 0.085). They hypothesized that increasing
the normal force magnitude caused an increase in the real area of
surface contact, or a breakdown of a lubricating surface oxide
layer.
Rtly, Kusy and Whitley (’88) calculated the coefficients of
kinetic friction using a similar technique. They varied the normal
12
forces from 200 g to i0 kg. Their coefficient averaged 0.13 for
stainless steel.
RATIONALE
After reviewing the literature on bracket-wire friction, it is
apparent that continued research is needed in this field. The
abundance of conflicting interpretations regarding the frictional
eff of bracket width ar wire diameter has resulted in much
confusion. A new research approach was clearly indicated to resolve
the existing controversies. The unanswered questions regarding the
frictional limitations for producing a given center of rotation
required solving.
As we have seen, many of the past experiments have focused on
the second order bracket angulation. There exists several
criticisms of this approach. Since the friction is a function of
the moments acting at the bracket-wire interface (Thurow ’72),
perhaps they should have been measured and used as the basis for
comparisons. These moments are not only dependent on the bracket
angulation, but on a conplex interaction of factors related to wire
stiffness (Young’s modulus ar the moment of inertia) and appliance
design stiffness (bracket width, inter-bracket distances and
boundary conditions). This is supported by the finding that the
frictional resistance is nonlinearly dependent on the bracket
angulation (Frank, Nikolai ’80). The complexity of these
relationships to the magnitudes of the moments has hindered the
understanding of bracket-wire friction.
13
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The conclusions from the bracket angulation approaches may be
valuable if the clinician must use angled brackets during canine
retraction. Since a bracket alit phase usually precedes space
closure, general statements regarding the frictional eff of the
above factors can be misleading.
Instead of basing comparisons on the force magnitudes required
to overcome the friction generated from given bracket angulations,
or moment magnitudes, this study was designed to develop a more
general understanding as to which systems allow the freedom of a
particular tooth movt. Since knowledge of the moment to force
ratio is needed to predict the center of rotation for a required
movt, its maximum value at which the bracket was still free to
slide was measured. This measurt was termed the Moment to Force
Binding Ratio, (M/F)b.
Let us now take a look at the force system on the canine bracket
when binding exists (Fig. i). Since the distal driving force (F) is
applied a distance (D) from the center of resistance of the canine
tooth, a moment (M) of a force is generated. To simplify this
analysis, lets assume the wire is rigid nondeflecting beam, such
that there are point contacts at the two opposing slot edges.
Therefore, the moment is put into equilibrium by a couple generated
by this pair of normal forces (N) separated by a distance
approximately equal to the bracket width (W). This distance is
actually slightly larger than W, since as the bracket rotates due to
bracket-wire clearance, the distance between the two components
normal to the wire increases by a factor equal to the inverse of the
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cosine of the second-order clearance angle. According to Coulomb’s
law, the frictional force magnitude (f) is equal to the product of
these normal forces multiplied by the coefficient of static
friction (u).
According to Newton’s laws of motion, for static equilibrium to
exist at binding, the sum of all the fo and moments in all three
planes of space must equal zero. Therefore, the magnitude of the
friction force equals that of the driving force (f=F) and the
magnitude of the moment of the force equals that of the couple
Combining these equilibrium equations with Coulomb’s law, the
following relationship can be derived, where the magnitude of the
friction force is equal to the product of twice the frictional
coefficient times the moment magnitude, divided by the bracket
width"
f= (2uM)/W Equation i.
The numeral "two" appears in this equation because of the asstmption
of two point contact. Since at binding equilibrium, f=F, this
relation can be rearranged in terms of the moment to force ratio at
(M/F) b=W/(2u) Equation 2.
Since the moment to force ratio defines the type of tooth
movement (Burstone ’62), this equation can be applied to predict the
types of tooth movt possible without bracket-wire binding. To
illustrate this concept, consider two bracket widths, one twice the
other one. If for the narrower bracket, the (M/F) b equaled five,
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then for the wider bracket, this ratio would be ten. Therefore, in
using the narrow bracket, only tipping movts are predicted; when
using the wide bracket, not only tipping but translation may be
possible prior to binding.
This does not mean that translation will occur at the onset of
space closure. In the latter example the tooth will freely tip
until bracket-wire clearance is eliminated. With continued tipping,
moments result from the angular activation of the wire. The M/F
ratio and the frictional resistance increase in magnitude. When the
(M/F)b is attained, the friction force is equal and opposite to the
sliding foro, and sliding will stop. It is important to remember,
that this analysis considers only that friction, which is generated
by the second-order force system.
Based on this theoretical relationship, the following research
hypothesis was formulated: for a given bracket width, the (M/F)b is
constant, and independent of wire diameter and sliding force
magnitude.
In general, our objectives were to develop a method to test this
hypothesis in the mesiodistal plane of space, by measuring the
(M/F)b and its corresponding bracket angulation. These dependent
measures were to be determined for various combinations of the
independent factors (bracket width, wire dimension and sliding force
magnitude). In addition, the coefficients of static friction for
stainless steel brackets and wires were to be calculated using this
new approach.
SPECIFIC OBJECTIVES
The specific objectives of this laboratory study were-
i. To develop and test a three tooth experimental model designed
to study bracket-wire friction.
2. To measure the second-order moment to force binding ratios
under the following conditions-
a. wire tension-rigid attachments at teeth one and three to
prevent displacement of wire in mesiodistal direction.
b. absence of first-order archwire curvature all three
attachments are coplanar mesiodistally;
c. absence of ligation forces during binding equilibrium,
friction maintains bracket on wire.
3. To study the eff, if any, varying bracket width, wire
dimension, and driving force magnitude have on this M/F binding
ratio.
4. To record the bracket angulations corresponding to the
binding ratio (in reference to the passive wire), for various
combinations of bracket widths, wire cross-sections, and driving
5. To calculate the coefficients of static friction for these
stainless steel bracket and wire combinations (in air and at room
trature).
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The Expertal Model (Fig. 2)
An expertal model was developed which simulated the initial
retraction of the canine in a first bicuspid extraction case. The
following asstmptions were made"
i. forces and moments in transverse ard buccolingual planes are
negligible;
2. rigid supports at attaclanents one and three prevent
displacement of test wire in distal direction;
3. two point contact at the opposing slot edges of canine
bracket;
4. that a body at rest will remain at rest unless acted upon by
a net exterml force system (Newton’s first law of motion);
5. the application of Coulomb’s law, which states that the
frictional force magnitude (f) is equal to the product of the forces
acting normal to the wire (N), multiplied by the coefficient of
static friction (u), is appropriate. Since this coefficient is a
constant, it assumes a linear model (f=Nxu). It is interesting to
note, that according to this law, friction is independent of the
area of surface contact. This is true (assuming that one surface
does not penetrate the other), because increasing this area adds to
the friction generating surface at the same rate it reduces the
force per unit area.
This present modeling did not consider the effects of
first-order rotational or third-order torquing moments, ligation
18
19
forces, wire curvature, variations in the interbracket
distance or alterations in the boundary conditions.
The Experiment Apparatus
This device was developed for this project, in the Biomechanics
laboratory of the Department of Orthodontics, School of Dental
Medicine, University of connecticut Health Center. This apparatus
consisted of two main components (Fig. 3). The first component
(Fig. 4) was a laboratory representation of a three tooth segment.
Teeth one and three were modeled as rigid brackets and were an
integral part of the support frame. The second component (Fig. 5)
was a force generating and measuring device; it served to deliver a
force system to the canine bracket. These two components will now
be discussed in detail.
The support frame was fabricated almost entirely from aluminum.
Two parallel plate clamps, which modeled the brackets at the
lateral incisor and second bicuspid (attachments one and three),
were utilized to rigidly fix the test wire. The interclamp span was
21.4 mm representing the interbracket distance between the the two
teeth they modeled.
The canine bracket, had a .030" stainless steel moment-arm spot
welded to its pad. It was placed on the test wire 7 mm inferior to
the uppermost clamp, simulating the position of the canine prior to
retraction. A horizontal line was scored into the face of this
cononent and served as a reference from which the bracket
angulations at the (M/F)b could be measured.
2O
The force system generating ccponent was designed to apply a
measurable point force to the moment-arm, and measure the M/F ratio.
A separate transducer performed each of these functions. The
electronic sampling from these transducers was fed through
analeg-digital converter to a computer for storage.
A force transducer was used to apply a distally directed force
of predetermined magnitude. Initially, this force was applied a
distance far enough from the test bracket’s center, such that this
bracket would be bound and its vertical position maintained. This
transducer, was an aluminum cantilever beam on which strain gauges
were mounted. This transducer was connected to the force
applicating rod with a spring. This rod, which could rotate in the
mesiodistal plane about a central axis was horizontally balanced by
this spring on its working side and a counterbalance on the opposite
side. This arrart was designed to maintain the force vector in
a distal direction relative to attachments one and three. To the
extreme er of the working side of the rod, a .030" steel wire was
fixed perpendicular to the mesiodistal plane. It served as the
force applicating tip.
This transducer was calibrated and sensitivity tested using dead
weights. Its accuracy was _+0.2g and was constant over the entire
range of sliding force magnitudes studied.
The force magnitude measured from this transducer was monitored
to determine the initiation of sliding. Its output was a function
of the vertical height of the force applicating tip. It could only
decrease beyond the instrumental drift, when the M/F ratio had been
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reduced to the point that bracket sliding lowered the applicator’s
height.
This transducer was mounted on a movable carriage, which
functioned to decrease the length of the second-order moment-arm
from the point of force application to the Center of the test
bracket. This distance was equal to the M/F ratio (since M=FD,
D=M/F). It was controlled by a variable speed motor and monitored
by a linear variable displacement transducer. The accuracy of this
transducer was _+. 003 ram. The M/F ratio could be varied from
eighteen to two.
Compensating .bepds were placed in the moment-arm and force
applicating tip to control and to minze any other variables while
maintaining stability. These bends consisted of the following"
i. The moment-arm was bent in the mesiodistal plane, relative
to attachments one and three, such that loaded moment-arm was angled
approximately five degrees downward, relative to a true horizontal
passing through the center of this bracket This bend was placed to
ensure that the magnitude of the driving force would continually
increase, since the force applicator had to ascend this positive
slope of the moment-srm. This was a most impot feature, because
if the force applicator was to descend along a negatively sloped
moment-arm, one could not discern the difference between bracket
sliding and this effect by monitoring the force magnitude.
2. A first-order step bend was also placed in the moment-arm,
such that the point force was applied in the mesiodistal plane
oriented through the long axis of the passive t.est wire. This bend
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served to stabilize the test bracket by minimizing rotational
3. The force applicator tip was inclined two degrees to control
and mJ/nJTmize normal forces whose directions were perpendicular to
the lingual slot surface. This feature was required to maintain a
constant position of wire in the slot. In conjunction with a light
contact of the moment-arm with the support frame, it also served to
prevent third order rotations of the bracket.
Identification of the Moment to Force Bindinq Ratio, (M/F)b
The computer sampled ar recorded M/F verses F. The (M/F)b was
defined as the initial ratio from which the force magnitude
decreased at least 0.2g in three consecutive readings. This
endpoint as defined, coincided with the visual verification of
movt which was observed using a microscope.
Determination of the bracket anqulation at (.M/F)b
Photographs of the loaded bracket/moment-arm assembly were taken
at the mean (M/F)b for each cell. A dot product calculation of the
bracket’s angulation, relative to a passive wire fixed between
attachments one and three, was performed using a conputer equipped
with a digitizing pad. Each photograph was digitized three times
and the mean angulation was recorded.
Wires
The test wires were sections of 14" stainless steel straight
lengths*. Round wires with diameters of 014" 016" 018" and
.020" were studied.
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Brackets
Standard non-torqued single width single, medium twin, and wide
twin stainless steel brackets were evaluated (Ormco Corporation-
Glendora, CA). The mean widths of these brackets were 1.59 ram, 3.34
mm and 4.40 ram, respectively. The nominal slot dimensions were
.022"x. 028".
As previously mentioned, a rigid .30" steel beam was carefully
spot welded to bracket pad to avoid altering the slot surface. It
served as an extension of the bracket for the delivery of second-
order moments, to maintain stability in the other spatial planes,
and to improve the accuracy in measuring the bracket angulations.
Brackets and wires were raromly selected from stock packages
and tested in the "as received" condition.
Slidinq forces
Initial force magnitudes of 50 g, 150 g, 175 g and 200 g were
studied. The direction of the applied force was assumed to be
distal and parallel to a passive wire fixed between attachment one
Experiment Desiqn
A 3 x 4 x 4 factorial design was employed for each of the two
dependent measures (moment to force binding ratio and bracket
angulation) with the three main factors investigated being- (i)
bracket width; (2) wire diameter and (3) force magnitude.
Therefore, 48 cells per dependent measure were considered.
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Statistical analysis
The minimal number of replications for the independent measure
of (M/F)b was determined to be four. This determination was based
on sample size tables (Cohen 77).
All data was entered on a IHM 3090/180 computer. A complete
data check was undertaken to eliminate errors in data entry. Cross
tabulations of means and standard deviations were calculated for the
two dependent measures (M/F binding ratio and bracket angulation)
and were broken down by the different levels of independent
variables (bracket width, wire diameter, and force magnitude).
These tabulations (Tables 1-6) also provided marginal totals, and
served as a valuable data analysis tool.
A three-way factorial anova was performed across all levels of
the independent measures for each of the two dependent measures. It
was the analysis of choice to look for statistical significance
because of the large number of groups in the experimental design,
and because it allows the determination of interactions between the
main factors.
Depending on the results of the anova, regression analyses would
be used to determine the mathematical relationship between the
dependent measures ar the statistically significant independent
variables. These will be compared to the theoretical relationship
developed in the Rationale section.
The raw data is presented in Appendix II. The reduced data can
be found in the cross tabulations of the means and standard
deviations (Tables 1-6). During the data collection, a problem
presented itself which resulted in three eapty cells in the widest
bracket group (tables 3 a 6). During the testing of the 014" and
.016" wires at the highest driving force magnitudes, the (M/F)b
could not be obtained, even at ratios as high as eighteen. This was
due to these wires slipping through the terminal clamps as a result
of high tensile force components. This failure of the terminal
boundary conditions was demonstrated by painting the wire-clamp
junction with blue machinist’s ink. Gaps were noted in the dried
ink only after these samples were tested.
Using a regression based procedure (Steel, Torrie ’80), missing
cell data was dealt with by providing estimates of cell means and
standard deviations that were consistent with observed values.
As shown in Figure 6, plots of cell . (M/F)b vs. wire
cross-sectional stiffness number (Burstone ’81) yielded a discrete
band for each bracket-width. These bands demonstrated that the mean
(M/F)b increases with bracket width. In general, bands were
parallel to the axis demonstrating that wire diameter had little if
any effect on the (M/F)b. There was a slight positive slope to the
4.40 mm band. Within each band, the plots for each force magnitude
exhibited great overlap; they frequently changed direction and
numerous intersections were noted.
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These observations were confirmed by the statistical analysis.
The three-way factorial anova which was performed on the M/F
binding ratios (Table 8) demonstrated that width was the-only
significant main effect influencing this measure. In other words,
the means across bracket width varied to an extent that was
statistically significant (p < 0.001). The other main effects,
namely wire diameter and force magnitude, were not associated with
significantly different binding ratio means; p > 0.180 in both
While the three-way and the bracket width X force interaction
terms were insignificant (p>0.05), the wire diameter X bracket width
and the wire diameter X force magnitude interactions were
significant at the 0.002 level. In considering only these two
significant interactions, the former was considered to be the result
of the slope to the widest bracket’s band, and the latter was caused
by the intra-band phenomenon noted above.
A graph of the mean (M/F)b vs. bracket width (W) was plotted
(Fig. 7) to test the theoretical model. Since this model predicted
a linear relationship between these two variables, a linear
regression analysis was performed. The equation for the linear
regression line, which was (M/F) b=2.53W + I. 82, demonstrated a good
linear fit (r=.92).
The three-way factorial anova (table 8) using bracket angulation
as the dependent measure indicated that all main eff and all two
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and three-way interactions were statistically significant at the
0.001 level. Therefore, bracket angulation is significantly
influenced by the magnitude of these three independent measures, as
well as associated interactions.
The coefficient of static friction (u) was calculated using the
formula u =.5W/(M/F)b which was derived from our matheatical
model. Using the group mean data for each bracket width (W), the
frictional coefficients were determined for the laboratory
conditions of air and room temperature (Table 9). Although there is
minor variation in this coefficient, it is for all.practical
DISCUSSION
In general the experimental results supported our theoretical
model (Equation 2), which stated that the moment to force binding
ratio is equal to one half the bracket width (or the distance
between the two normal forces present at the bracket wire contacts)
divided by the frictional coefficient. As predicted from this
relationship, bracket width was the only main factor studied which
significantly influenced the binding ratio. This ratio was larger
for widerbrackets.
These results are in agreement with those studies that used a
moment oriented approach (Thurow ’72, Kamiyama, Sasaki ’73). It was
concluded in these reports, that there is less friction with wider
bracket widths. Since with wider brackets, the friction force
magnitude is less, a greater petage of the applied force acts to
produce tooth movement. As a result, the (M/F)b is higher for wider
brackets.
As expected, our conclusions regarding bracket width and wire
diameter differ from those studies using angulation oriented
approaches (Buck, Scott, Morrison ’63, Andreason, Quevedo ’70, and
Frank, Nikolai ’80). The latter study presented a table which
listed the midspan bending stiffness of archwires, including the
effect of bracket width. It demonstrated that the angular load-
deflection rates (gram/degree) increased as wire dimension and/or
bracket width were augmented. Since these variables were compared
relative to given angular activities, the moments and therefore, the
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frictional forces would be greater for wider brackets and larger
wires. In addition, as previusly noted in the Literature Review
section, this same conclusion can be derived from Andreasen’s data.
Hence, the conclusions of these papers regarding wire dimension are
justifiable. The fact that the latter authors’ conclusions
bracket width differ from those that were expected, may be
the result of their nonrigid boundary conditions at attachments one
In considering only one plane loading, the application of this
simple theory can predict the type of tooth movt possible with a
given bracket width. For the i. 59 mm and the 3.34 mm brackets,
heir mean (M/F)b values range from five to seven and from ten to
twelve, respectively. Only tipping movts would be possible with
the narrower brackets. When using the wider brackets, controlled
tipping and translational space closure would be possible as well.
The range of ten to twelve does not mean that translation will
occur from the onset of space closure (see bracket angulation data).
When using wider brackets, the tooth will freely tip until
bracket-wire clearance is eliminated. With continued tipping,
moments result from the angular activation of the wire. The M/F
ratio and the frictional resistance increase in magnitude. When the
(M/F)b is attained, the friction force is equal and opposite to the
sliding force magnitude, and sliding stops.
Assuming that we can extrapolate the results beyond the tested
bracket width values, the linear regression equation possessed a
3O
relatively large Y-intercept term of 1.82 mm. (Fig. 7). The
theoretical model predicted that its value would be zero. When the
bracket width is zero, moments can not be produced, and the (M/F)b
should also equal zero. Dr. P. R. Begg (’1954) knew this years ago.
The width of his brackets were minimized to allow uncontrolled
tipping, which he desired.
This minor deviation of the experimental from the predicted
results was due to two factors. The first factor was related to the
increase in wire stiffness, as a cubic function, when the
interbracket distances decreased with wider brackets. The second
factor was the result of the assuntion of two point contact, which
did not accurately define the er of contact force distribution
along the surfaces. Photographs of the loaded bracket/moment-arm
assembly (Figs. 9-i0), demonstrated distributed loading (point and
line contacts were present along the occlusal and gingival slot
These two factors suggested that a higher order relationship
existed. A polynomial regression was perfo (Fig. 8). The
statistical analysis on its regression equation, Lndicated that a
quadratic fit was feasible when using bracket width to predict the
binding ratio. This quadratric relationship yielded a y-intercept
that was explainable. A slightly negative value was expected due to
friction resulting from those factors which were controlled and
minimized in the other planes of space. It should be noted that
while the width squared term entered the model at the 0.05 level,
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its contribution to the overall fit was small. In addition, since
our linear regression yielded an impressive correlation coefficient
(r=.92), it can be stated that our linear model closely approximated
the experimental results.
The significant interaction terms noted in the statistical
analysis can be explained by the lack of point loading. Distributed
forces occurred closer to the brackets center, than at the opposing
slot edges as previously assumed. Therefore, the length of the
moment-arm (relative to the wire) between the resultant normal
forces of these distributed loads would be less than the bracket
width. A second factor influencing the ler of the moment-arm is
the free rotation which occurs when bracket-wire clearance exists.
The distance between the normal forces, would increase as the
bracket rotated, becoming slightly larger than the bracket width (by
a factor equal to the inverse of the cosine of the second-order
clearance angle). This effect occurs concomitantly with the
distributed loading, but is of less consequence. Since the net
moment-arm between the two contacts is shorter, the resultant
normal forces and hence, the friction forces should also be greater
for a given moment magnitude.
This increase in friction, would limit the maximt M/F ratio at
which sliding could occur. This is supported by our mathematical
modeling, since it predicts that the (M/F)b should be lower for
those bracket, wire, and force conditions, in which, distributed
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loading reduces the effective moment-arm length to less than the
bracket width.
Since distributed loading is a function of the wire’s geometry
within the slot, one would expect its influence to be greater with
wider brackets, smaller wires, and greater moments (which in this
experiment, were directly related to the magnitudes of the forces).
The significant interaction between wire diameter and bracket width,
resulted from the the binding ratios for the .020" and the .014"
wires, respectively falling above and below the widest bracket’s
band.
The statistically significant interaction between wire diameter
and force magnitude indicates that a crossover effect exists between
these two variables. This interaction is the result of the frequent
changes in direction, and the numerous intersections noted within a
band (Fig. 4). Increasing the force would increase the distributed
loading effect, and increasing the wire stiffness (diameter), would
have the opposite. This could explain the significant interaction
between the two variables.
For bracket angulation at the (M/F)b the results demonstrated
that it was a function of all rain effecT studied. In addition,
bracket angulation was also dependent on all two and three-way
interactions. Therefore, in comparing binding angulation approaches
to the (M/F)b approach, the later yields a simpler and conceptually
more satisfying description of the frictional effects of the main
factors studied.
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In general, this study demonstrated that the bracket angulation
at the (M/F)b was greater for narrower brackets, more flexible
wires, and higher force magnitudes (Tables 4-6). To illustrate this
finding, consider the two extrea cells in the matrix. For the
narrow bracket/. 014"/200 g and the wide bracket/. 020"/50 g
combinations, the angulations were 14.48 and 0.97 degrees,
respectively. The difference between the two combinations is due to
the combined effecT of bracket-wire play and archwire deflection.
These two factors were of greater importance in the former
combination.
In considering only second-order moments, this angulation data
could be used to determine whether or not there is binding resulting
from a bracket, which is initially angled on a wire. To illustrate
this point, lets consider applying a force of 50 g to retract along
a .020" wire with a wide bracket angulated 5 degrees. Since 5
degrees can be easily discerned from a birding angulation of less
than i degree, the clinician could predict that if he used this
combination, bracket-wire binding would occur at the onset of
retraction.
When using a given appliance system, this information can be
applied to estimate the amount of tipping prior to binding. It can
only be used as a guide, since these angles were calculated about
the bracket’s center. Clinically, the M/F ratio is continually
increasing until the (M/F)b is reached. Hence, the center of
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rotation is not constant and it is in few instances at the bracket’s
center. This limitation not only pertains to this research, but to
sliding mechanics as well.
The results of this research demonstrated some minor variation
in the value of the coefficient of static friction, which can be
attributed to the distributed loads. In agreement with tribological
theory, it was for all practical purposes constant. Our mean
coefficient value was .157, which is in agreement with a value of
.162 determined under different loading ar bourary conditions
(Greenberg, Kusy ’79). In addition, it fell within easen’s
range of .I01 to .230.
The "rigid" clamping mechanism at attachments one and three
failed under certain conditions. As previously discussed, for the
smaller wires, widest bracket, and heavier force combinations
studied, the (M/F)b could not be obtained. As demonstrated using
machinist’s ink, this problem resulted from these wires slipping
through the claaps. Aluminum, which was selected for the support
frame because its ease of machining, was too soft of a material for
this clamping function. It is suggested to use a harder material
like steel for any future construction.
SUMMARY AND CONCI/JSIONS
An important consideration in space closure is the type of tooth
movement required. To obtain movements other than uncontrolled
tipping, both forces and mcments must be applied to the tooth. It
is the ratio of the moment to the force which determines the center
of rotation, and hence the type of tooth movt. Dring sliding
mechanics, the tooth will tip when the force is applied at the
bracket, away from the center of resistance. As the M/F ratios
increase with the angular activation of the wire, the frictional
resistance also increases. This friction impedes bracket movement
along the archwire. In order for the clinician to be able to predict
if the tooth can freely slide with frictional mechanics, he must
know if his appliance system will permit bracket-wire sliding and
produce the desired center of rotation. This has not been studied.
It was the focus of this research project to study this question.
In combining equilibrium equations derived from an analysis of
only the second-order force system, with Coulomb’s law, the
following relationship was developed: the magnitude of the friction
force is equal to the product of twice the frictional coefficient
times the moment magnitude, divided by the bracket width
(f=(2uM)/W). This theoretical relationship was based on rigid beam
modeling of a nondeflecting wire, such that the normal force
components were distributed as two points at the opposing slot
edges. Since at binding equilibrium, f=F, this relation can be
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rearranged in terms of the moment to force ratio at binding:
(M/F) b=W/C2u).
Based on this theoretical relationship, the following research
hypothesis was formulated: for a given bracket width, the (M/F)b is
constant, and independent of wire diameter and sliding force
magnitude.
In general, our objectives were to develop a method to test this
hypothesis (in the mesiodistal plane of space), by measuring the
(M/F)b and its corresponding bracket angulation. These dependent
measures were determined for various combinations of. the
independent factors (bracket width, wire dimension and sliding force
magnitude). In addition, the coefficients of static friction for
stainless steel brackets and wires were calculated using this (M/F)b
approach.
A testing device was developed which simulated the initial
retraction of the canine. Transdu measured the magnitude of the
applied distal force and the second-order moment to force ratio
about the canine bracket’s center. This ratio was decreased until
the cuspid bracket started sliding. The ratio recorded at the onset
of sliding was defined as the moment to force birding ratio. The
bracket angulation at (M/F)b was calculated from photographs of the
loaded bracket/moment-arm assembly taken at the mean (M/F)b for each
cell.
Steel wires ranging in diameter from .014" to .020" were rigidly
fixed at both ends, by clanps representing the lateral incisor and
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second bicuspid attachments. The center of the test bracket was
asynmtrically placed closer to the anterior clamp. Stainless steel
brackets (. 022"x. 028" slot), with i. 59 ram, 3.34 mm ar 4.40 mm
widths were studied. Forc magnitudes of 50-200 g were evaluated.
A 3 x 4 x 4 factorial design was employed for each of the two
dependent measures (moment to force binding ratio and bracket
angulation) with the three main factors investigated being- (i)
bracket width; (2) wire diameter and (3) force magnitude.
Therefore, 48 cells per dependent measure were considered. The data
was reduced through three-way factorial anovas and regression
analysis.
The results revealed, that bracket width was the only main
factor influencing the (M/F)b (p<0.001). The regression line, for
the plot of the mean (M/F)b vs. bracket width, demonstrated a good
linear fit (r=.92), in accordance with our mathematical model. This
model predicted that this line should pass through the origin. In
addition, the statistical analysis demonstrated that wire diameter X
bracket width, ar the wire diameter X force magnitude interaction
terms were highly significant at the 0.002 level.
The photography revealed that distributed loading was present at
the bracket-wire contacts. This finding and the effect of
increasing the wire stiffness as the interbracket distances are
decreased with wider brackets, suggested that a higher order
relationship existed. Although, the polynomial regression equation
yielded a more reasonable Y-intercept, it should be noted that while
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the width squared term entered the model at the 0.05 level, its
contribution to the overall fit was small. Within the range
studied, the relationship was nearly linear, approximating our
model.
The three-way factorial anova using bracket angulation as the
dependent measure indicated that all. main effects and all two and
three-way interactions were statistically significant. Therefore,
bracket angulation is significantly influenced by the magnitude of
these three independent measures, as well as associated
interactions.
The coefficient of static friction (u) was calculated using the
fora u =. 5W/(M/F) b, which was derived from our matheatical
model. Using mean data, an average value for the frictional
coefficient was detezmtined to be 157, for the laboratory conditions
of air and room temperature. Minor variation in this coefficient
was explained by the distributed loading.
On the basis of these findings and the limitations of this
initial study (only the force system in the mesiodistal plane of
space was considered), the following conclusion was made-
As compared to earlier bracket angulation approaches, the method
presented in this thesis yielded a simpler and conceptually more
satisfying analysis to evaluate the effects of bracket width, wire
diameter, ar sliding force magnitude on bracket-wire friction.
It is apparent that much more research is required in this area.
The wide range of effects which were controlled ar minimized in
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this research, such as the effects of ligation forces, vibration,
varying the interbracket distance, wire curvature, and
rotational and torquing moments in the other two planes of space,
need to be evaluated. The interactions noted above, suggested
loosening the rigid boundary conditions to study the other extrem
of wire tension, as well as the effects of maximizing the
distributed loading. Finite element modeling can aid in the study
of this conplex loading. In addition, it is recommended that the
coefficients of static friction be determined for the newer bracket
and wire materials using this (M/F)b approach.
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APPENDIX A
Fig. i" Separate canine retraction with sliding mechanics-
second-order force system on canine bracket.
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N
Fig. 2" Experimental model" free-body diagram.
Fig. 3" The experimental apparatus" composite view.
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Fig. 4" The experimental apparatus" support fr<me.
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Fig. 5" The experimental apparatus- force system delivery component.
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Mean Moment to Force Binding Ratio
Wire Stiffness Number
VS
.2 10-
." 4.40
.-, ,_ mm
.......... ._..,,,....,....r, ........
:.2J.a-"" ’r’.%’; ......
-"’"’ .............. ] 3.34mm
200 300 400 500 600
Wire Stiffness Number
0.014 0.016 0.018 0.020
Wire Diameter Number
.-50 g ---150 g 175 g ----200 g
Fig. Cell mot to force binding ratio verses
cross-sectional stiffness number.
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Mean M/F Binding Points vs Bracket Width
15
10-
M/F 2.537W + 1.823
r 0.92
1.59 3.34 4.40
Bracket Width (mm)
Fig. 7" Group mean moment to force birding ratio verses bracket
width (linear regression).
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Mean M/F Binding Points vs Bracket Width
15
E IO-
E
1.59 3.34 4.40
Bracket Width (mm)
Fig. 8" Group mean mot to force binding ratio verses bracket
width (polynomial regression).
5O
Fig. 9" Manner of contact force distribution, eg. 3.34 mm bracket,
.014" wire, 200g. Note distributed loading along upper
right wing.
51
Fig. 10"Manner of contact force distribution, eg. 4.40 mmbracket,. 014" wire, 200g. Note contact on the slot surface of eachwing.
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Mean Moment/Force
W 1.59
Binding
mm
Mean count
std dev 50
Wire (inches)
0.014 5.50
5
1.17
’0.016 ’4.94
5
1.27
0.018 5.48
5
0.88
o.oo .o
4
1.28
Column Total 5.47
19
1.13
All ratios reported In
Force (g)
150 175
5.48 5.38
4 5
0.43 1.27
5.22 6.52
5 5
0.41 0.18
6.04 6.66
5 5
0.72 0.57
5.73 5.54
4 5
0.46 1.00
5.62 6.02
18 20
0.58 0.98
millimeters
Ratio
Row
200 Total
6.88 5.77
4 18
0.50 1.07
6.30 5.75
5 20
1.16 1.07
5.18 5.84
5 20
0.61 0.87
4.53 5.48
4 17
0.67 1.01
5.72 5.71
18 75
1.17 1.00
Table I: Cross tabulations of means and standard deviations for
binding ratio- 1.59 mm bracket.
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Mean Moment/Force Binding Ratio
W 3.34 mm
Mean count Force (g) Row
std dev 50 150 175 200 Total
Wire (inches)
0.014 11.28 11.15 11.22 10.67 11.06
.5 4 5 6 20
1.46 1.03 0.76 1.06 1.05
"0.016 10.60 10.58 :10.46 11.74 10.85
5 5 5 5 20
0.45 1.61 1.43 0.96 1.22
0.018 10.82 10.20 11.10 9.84 10.49
5 5 5 5 20
0.86 1.08 1.22 0.90 1.07
0.020 11.48 9.60 9.65 i024 10.20
4 5 4 5 18
0.40 0.35 0.83 0.40 0.88
Column Total"’ 11.02 ’i0.34 10.66 10.62 ’10.6"’
19 19 19 21 78
0.91 1.17 1.19 1.08 1.10
All ratios reported in millimeters
Table 2: Cross tabulations of means and standard deviations for
binding ratio- 3.34 mm bracket.
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Mean Moment/Force
W 4.40
Binding
mm
Mean count
std dev
Wire (inches)
0.014
).01’6
0.018
0.020
"’Column Total
50
Force (g)
150 175
11.96 10.78
5 5
1.85 0.99
1222 12.04
5 5
1.14 1.13
11.90 1’.50
6 5
1.71 2.07
1’4.61 14.20
7 4
1.12 0.35
1 2.8 i’
"
2.28
23 19
1.84 1.72
All ratios reported in millimeters
0.00
0
0.00
i2.88
5
1.59
12.50
5
O.80
13.24
5
0.85
12.87
15
1.10
Ratio"
200
0.00
0
0.00
0.00
0
0.00
13.06
5
1.22
13.i8
6
0.26
Row
Total
11.37
10
1.53
12’.38
15
1.26
12.4’6
21
1.48
13.84
22
0.98
13.13 12.73
11 68
0.80 1.53
Table 3- Cross tabulations of means and standard deviations for
binding ratio" 4.40 mm bracket.
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Mean Bracket Angulations at the M/F Binding Ratio
W
--
1.59 mm
Mean count
std dev
wire "(inche’s)
0.014
0.016
0.018
Force (g) Row
50 150 175 200 Total
0.020
Clu’mn" Total
13.58 14.48 12.60
3 3 12
0.35 0.24 2.06
10.48 10.33’ 933
3 3 12
0.14 0.18 1.49
’5:09 7.04 .39 7.33 6.71’
3 3 3 3 12
0.24 0.20 0.12 0.26 1.00
2.7’9 3.71 35"4 :,39’ 3.3"6
3 3 3 3 12
0.08 0.34 0.33 0.09 0.42
6.0"4 8.33 8.75 888 8.00
12 12 12 12 48
2.51 3.56 3.89 4.24 3.68
9.33 13.01
3 3
0.10 0.21
6.9" 9.56’
3 3
0.21 0.96
All angulations reported in degrees
Table 4" Cross tabulations of means and standard deviations for
bracket angulation" 1.59 mm bracket.
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Mean Bracket Angulations" at the
W = 3.34 mm
Mean count
std dev
Wire (i’nc’hes)
0.014
0.016
o.oi8
0.’020
Column Total
M/F Binding Ratio
Force (g)
50 150 175 200
12.52
3
0.12
9.26
3
0.28
6,95
3
0.19
8.60
3
0.29
6’.86
3
0.33
5.29
3
0.36
2.80 5.49
3 3
0.36 0.34
5.89 8.55
12 12
2.25 2.78
13.34
3
0.36
9.73
3
0.06
8.o2
2
0.14
5.58
3
0.22
9’117
12
2.96
All angulations reported in degrees
13.94
3
0.20
o.zz
3
0.33
7.92
3
0.07
5.46
3
0.55
9.41
12
3.27
Row
Total
12.10
12
2.18
9.04
12
1.40
7.04
12
1.16
4.84
12
1.25
826
48
3.09
Table 5: Cross tabulations of means and standard deviations for
bracket angulation- 3.34 mm bracket.
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Mean Bracket Angulations at the M/F Binding Ratio
W 4.40 mm
Mean count
std dev
’’Wire (inches)
0.014
0.016
0.018
Column Total
Force (g) Row
50 150 175 200 Total
4.10 6.98 0.00 0.00 5.54
3 3 0 0 6
0.13 0.10 0.00 0.00 1.58
3.07 5.24 5.90 0.00 4.74
3 3 3 0 9
0.05 0.20 0.13 0.00 1.28
1.81 3.35 4.05 4.65 3.46
3 3 3 3 12
0.21 0.19 0.31 0.06 1.12
0.97 2.26 2.66 2.62 2.13
3 3 3 3 12
0.06 0.30 0.12 0.10 0.73
2.49 4.46 4.20 3.63 ’3.67
12 12 9 6 39
1.25 1.89 1.49 1.11 1.67
All angulations reported in degrees
Table 6" Cross tabulations of means and standard deviations for
bracket angulation- 4.40 mm bracket.
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BY
ANALYSIS OF
READING
NIRE
FORCE
NI DTH
VARIANCE
SOURCE OF VARIATION
MAIN EFFECTS
HIRE
FORCE
NIDTH
2-HAY ItITERACTIONS
HIRE FORCE
HIRE HI DTH
FORCE HI DTH
3-HAY INTERACTIONS
NIRE FORCE WI DTH
EXPLAINED
RESIDUAL
TOTAL
SUM OF
SQUARES DF
1895.168
3.482
6.260 3
1850.095 2
92.150 21
35.386 9
36.655
7.929 6
22.782 15
22.782 15
2010.100
197.108 176
2207.208 220
MEAN
SQUARE
236.896
1.161
2.087
925.048
4.388
3.932
6.109
1.321
1.519
1.519
45.684
1.120
10.033
211.527
1.036
1.863
825.987
3.918
3.511
5.q55
1.180
I .56
1.356
4O .792
SIGNIF
OF F
0.000
0.378
0.138
0.000
0.000
0.001
0.000
0.19
0.174
0.174
0.000
Table 7- Anova, moment to force binding ratio.
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BY
xxw ANALYSIS OF
READINO
HIRE
FORCE
NI DTH
VARIANCE
SUM OF MEAN
SOURCE OF VARIATION SQUARES DF SQUARE
MAIN EFFECTS 1643. 356 8 205.420
HIRE 921 335 3 307 112
FORCE 221.455 3 73.818
HI DTH 345. 522 2 172.76I
2-I.IAY INTERACTIONS ?3. 074 21 4.432
HIRE FORCE 27 599 9 5. 067
HIRE HI DTH 42. 489 6 7 082
FORCE HIDTH 5.130 6 0.522
3-HAY INTERACTIOIS 4.435 15 0.296
HIRE FORCE HIDTH 4 .,@35 15 0.296
EXPLAINED 1740.866 44 39. 565
RESIDUAL 4.365 90 0.048
TOTAL 1745.231 134 13.024
4235.519
6332.299
1522.048
3562.138
91.385
63.228
146.014
I0.757
6.097
6.097
815.788
SIGNIF
OF F
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
Table 8" Anova, bracket angulation at birding ratio.
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Bracket Width Coefficient of Friction
I. 59 .139
3.34 .157
4.40 .173
* Stainless steel brackets and wires tested under laboratory
conditions (air and room teaperature).
Table g: The coefficients of static friction.
THE RAW DATA MATRICES
KEY
VARIABLE 1 2 3 4
Wire diameter (inches) .014 .016 .018 .020
Force (g) 50 150 175 200
Bracket width (mm) 1.59 3.34 4.40
Moment to force binding ratios and corresponding bracket
angulations reported in millimeters and degrees,
respectively.
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THE RAW DATA MATRICES
Moment to Force Binding Ratios
Wire
Diameter Force
Bracket Wire
Width (M/F)b Diameter Force
Bracket
Width
5.90 4
3.70 4
6.50 4
6.40 4
5.00 4 2
2 5.80 4 2
2 5.10 4 2
2 5.10 4 2
2 5.90 4 2
3 4.00 4 3
3 6.80 4 3
3 6.60 4 3
3 5.10 4 3
3 4.40 4 3
4 7.40 4 4
4 6.40 4 4
4 6.50 4 4
4 7.20 4 2
2 5.30 2
2 6.10 2
2 6.10 2
2 3.50 2
2 3.70 2
2 2 5.90 2 2
2 2 5.30 2 2
2 2 5.10 2 2
2 2 4.90 2 2
2 2 4.90 3 2
2 3 6.50 3 2
2 3 6.80 3 2
2 3 6.30 3 2
2 3 6.50 3 2
2 3 6.50 4 2
2 4 6.50 4 2
2 4 7.10 4 2
2 4 "1 4.30 4 2
2 4 6.50 4 2
2 4 7.10 2 4 2
3 5.30 2 2
3 6.70 2 2
3 4.90 2 2
3 6.00 2 2
3 4.50 2 2 2
3 2 4.90 2 2 2
3 2 6.70 2 2 2
3 2 5.80 2 2 2
3 2 6.40 2 2 2
3 2 6.40 2 3 2
3 3 6.90 2 3 2
3 3 5.70 2 3 2
3 3 6.60 2 3 2
3 3 7.00 2 3 2
3 3 7.10 2 4 2
3 4 5.40 2 4 2
3 4 4.40 2 4 2
3 4 5.30 2 4 2
3 4 6.00 2 4 2
3 4 4.80 3 2
(MIF)b
6.60
4.20
6.60
7.00
5.20
6.00
6.20
5.50
6.50
5.10
6.0O
6.10
4.0O
4.00
3.90
5.10
5.10
9.70
11.00
11.50
10.60
13.60
12.00
12.00
9.90
10.70
11.20
11.40
11.00
12.30
10.20
10.20
9.90
12.70
9.90
10.50
10.80
9.90
.11.10
10.50
10.80
10.70
11.50
9.8O
11.80
11.70
8.10
12.90
9.60
9.50
10.60
9.70
10.20
12.50
12.40
12.20
11.40
11.20
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THE RAW DATA MATRICES
Moment to Force Binding Ratios--cont.
Wire
Diameter Force
Bracket Wire
Width (M/F)b Diameter Force
2 11.60 3
2 11.50 3
2 10.10 3
2 9.70 3
2 10.80 3 2
2 11.20 3 2
2 10.20 3 2
2 8.40 3 2
2 10.40 3 2
2 12.90 3 3
2 10.00 3 3
2 10.00 3 3
2 11.00 3 3
2 11.60 3 3
2 9.30 3 4
2 11.40 3 4
2 9.80 3 4
2 9.20 3 4
2 9.50 3 4
2 11.50 4
2 11.70 4
2 11.80 4
2 10.90 4
2 10.10 4 2
2 9.50 4 2
2 9.80 4 2
2 9.20 4 2
2 9.40 4 2
2 10.20 4 3
2 8.90 4 3
2 9.70 4 3
2 10.80 4 3
2 9.20 4 3
2 10.50 4 4
2 10.30 4 4
2 10.70 4 4
2 10.00 4 4
2 9.70 4 4
3 15.20
3 11.40
3 11.00
3 10.60
3 11.60
3 12.10 2
3 9.90 2
3 11.00 2
3 11.20 2
3 9.70 2
3 13.70 2
3 11.50 2
3 11.40 2
3 13.20 2
3 11.30 2
3 13.90 2 2
3 11.70 2 2
3 12.20 2 2
3 11.40 2 2
3 11.00 2 2
Bracket
Width (MIF)b
11.60
11.50
10.10
9.70
10.80
11.20
10.20
8.40
10.40
12.90
10.00
10.00
11.00
11.60
9.30
11.40
9.80
9.20
9.50
11.50
11.70
11.80
10.90
10.10
9.50
9.80
9.20
9.40
10.20
8.90
9.70
10.80
9.20
10.50
10.30
10.70
10.00
9.70
15.20
11.40
11.00
10.60
11.60
12.10
9.go
11,00
11.20
9.70
13.70
11.50
11.40
13.20
11.30
13.90
11.70
12.20
11.40
11.00
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THE RAW DATA MATRICES
Moment to Force Binding Ratios--cont.
Wire Bracket
Diameter Force Width (MIF)b
2 3 3 14.00
2 3 3 12.70
2 3 3 11.00
2 3 3 11.80
2 3 3 14.90
3 3 12.50
3 3 11.20
3 3 10.30
3 3 10.10
3 3 14.60
3 3 12.70
3 2 3 14.60
3 2 3 14.20
3 2 3 94.0
3 2 3 12.00
3 2 3 12.30
3 3 3 12.10
3 3 3 12.90
3 3 3 11.40
3 3 3 12.60
3 3 3 13.50
3 4 3 12.90
3 4 3 14.30
3 4 3 11.40
3 4 3 12..50
3 4 3 14.20
4 3 13.20
4 3 14.10
4 3 16.70
4 3 15.10
4 3 15.00
4 3 14.10
4 3 14.10
4 2 3 14.70
4 2 3 14.10
4 2 3 13.90
4 2 3 14.10
4 3 3 13.40
4 3 3 14.60
4 3 3 13.10
4 3 3 12.70
4 3 3 12.40
4 4 3 12.80
4 4 3 13.10
4 4 3 13.30
4 4 3 13.10
4 4 3 13.20
4 4 3 13.60
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THE RAW DATA MATRICES
Bracket Angulation at moment to force binding ratio
Wire Bracket Bracket Wire Bracket
Diameter Force Width Angulation Diameter Force Width
9.33 2 3 2
9.23 2 4 2
9.42 2 4 2
2 13.22 2 4 2
2 13.02 3 2
2 12.80 3 2
3 13.62 3 2
3 13.21 3 2 2
3 13.90 3 2 2
4 14.74 3 2 2
4 14.27 3 3 2
14.42 3 3 2
2 6.93 3 3 2
2 6.75 3 4 2
2 7.16 3 4 2
2 2 9.47 3 4 2
2 2 -1 9.66 4 2
2 9.54 4 2
2 3 10.61 4 2
2 3 10.51 4 2 2
2 3 10.33 4 2 2
2 4 10.24 4 2 2
2 4 10.21 4 3 2
2 4 10.53 4 3 2
3 525 4 3 2
3 4.89 4 4 2
3 5.03 4 4 2
3 2 6.84 4 4 2
3 2 7.23 3
3 2 7.04 3
3 3 7.44 3
3 3 7.48 2 3
3 3 7.25 2 3
3 4 7.05 2 3
3 4 7.56 2 3
3 4 7.39 2 3
4 2.79 2 3
4 2.71 2 2 3
4 2.87 2 2 3
4 2 3.76 2 2 3
4 2 3.35 2 3 3
4 2 4.03 2 3 3
4 3 3.49 2 3 3
4 3 3.24 3 3
4 3 3.90 3 3
4 4 3.36 3 3
4 4 3.33 3 2 3
4 4 3.49 3 2 3
2 8.94 3 2 3
2 842 3 3 3
2 8.45 3 3 3
2 12.65 3 3 3
2 2 12.49 3 4 3
2 2 12.41 3 4 3
3 2 13.31 3 4 3
3 2 13.00 4 3
3 2 43.71 4 3
4 2 13.79 4 3
4 2 13.85 4 2 3
4 2 14.17 4 2 3
2 2 6.50 4 2 3
2 2 7.16 4 3 3
2 2 6.91 4 3 3
2 2 2 9.47 4 3 3
2 2 2 &94 4 4 3
2 2 2 9.36 4 4 3
2 3 2 9.73 4 4 3
2 3 2 9.67
Bracket
Angulation
9.79
9.96
10.57
10.47
4.90
5.38
5.60
6.73
7’.O2
TO9
8.18
T98
7.90
7.96
7.95
7.84
3.21
2.65
2.55
5.27
5.32
5.65
5.49
5.40
4.06
4.00
4.25
7.01
&87
7.07
3.12
5.01
6.05
1.81
2.O2
1.60
3.45
3.46
3.13
3.7O
4.26
4.20
4.71
4.65
4.58
.90
.99
1.02
1.92
2.39
2.47
2.79
2.58
2.60
2.67
2.68
2.50
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THE RAW DATA MATRICES
Bracket Angulation at moment to force binding ratio
Wire
Diameter Force
2
3
3
3
4
4
2
2
2 2
2
2 3
2
2 3
2
2
3
3
3
3
3 2
3
3 3
3 3
3 3
3
3
3
2
3
3
2
2
2
2 3
2
Bracket Bracket Wire Bracket
Width Angulation Diameter Force Width
9.33 2 3 2
9.23 2 4 2
9.42 2 4 2
13.22 2 4 2
13.02 3 2
12.80 3 2
13.62 3 2
13.21 3 2 2
13.90 3 2 2
14.74 3 2 2
14.27 3 3 2
14.42 3 3 2
6.93 3 3 2
6.75 3 4 2
7.16 3 4 2
9.47 3 4 2
9.66 2
9.54 2
10.61 4 2
10.51 4 2 2
10.33 4 2 2
10.24 2 2
10.21 3 2
10.53 3 2
5.35 4 3 2
4.89 4 2
5.03 4 2
6.84 4 2
7.2:3 3
7.04 3
7.44 3
7.48 2 3
7.25 2 3
7.05 2 3
7.56 2 3
7.39 2 3
Z79 2 3
2.71 2 2 3
2.87 2 2 3
3.76 2 2 3
3.35 2 3 3
4.03 2 3 3
349 2 3 3
3.24 3 3
3.90 3 3
3.36 3 3
3.33 3 2 3
3.49 3 2 3
8.94 3 2 3
8.42 3 3 3
8.45 3 3 3
12.65 3 3
12.49 3 4 3
12.41 3 4 3
13.31 3 4 3
13.00, 3
13.71 3
13.79 3
13.85 2 3
14.17 2 3
6.50 2 3
7.16 3 3
6.91 3 3
9.47 3 3
894 3
9.36 4 3
9.73 4 3
9.67
Bracket
Angulation
9.79
9.96
10.57
10.47
4.90
5.38
5.60
6.73
7.02
7.09
8.18
7.98
7.90
7.96
7.95
7.84
3.21
2.65
2.55
5.27
5.32
5.88
5.65
5.34
5.76
5.50
5.49
5.40
4.06
4.00
4.25
7.01
6.87
7.07
3.02
3,O8
3.12
5.3
5.36
5.01
5.82
6.05
1.81
2.02
1.60
3.45
3.46
3.13
3.70
4.26
4.20
4.71
4.65
4.58
90
.99
1.02
1.92
2.39
2.47
2.79
2.58
2.60
2.67
2.68
2.50
